Abstract-A temperature control system consisting of a thermistor, signal processor, and computer algorithm was developed for magnetic resonance (MR) microscopy of small live animals.
I. INTRODUCTION

M
OTION is the single largest barrier to increased spatial resolution for many in-vivo magnetic resonance (MR) microscopy studies. Major sources of biological motion are breathing and cardiac activity. A number of techniques for reducing motion artifacts have been used, such as respiratory and cardiac gating [1] - [4] . For extended periods of imaging, slower physiologic changes also become critical because, during cardiac-gated imaging, repetition time (TR) may vary during data acquisition and this can result in signal intensity variation and image artifacts. In addition to the relatively slow changes in imaging time from drifts in temperature and heart rate, TR may change by multiples of the cardiac pulse interval and this can lead to severe image degradation. To detect and compensate for slow drifts of body temperature and heart rate as well as maintain constant TR, it is necessary to carefully monitor physiologic parameters and attempt to maintain relative physiologic constancy. Physiologic stability also impacts on interstudy variability as well as intrastudy variability.
Although physiologic parameters such as body temperature and heart rate can be maintained manually by changing heating and anesthesia levels, this is labor-intensive and not highly reliable. Several investigators have used automated control systems to heat or cool local tissue or nerve preparations [5] , [6] . However, such previously published methods are not compatible with the severe constraints of magnetic resonance imaging (MRI), i.e., high magnetic and radio frequency fields and restricted access. To achieve greater physiologic stability and ease of animal support, we have designed and built, from commercially available components, an MR-compatible computer feedback control system for maintaining animal body temperature to provide physiologic stability of small animals during extended MRI sessions. The characteristics of this system were evaluated during in-vivo studies in rats, guinea pigs, ferrets, and mice.
II. METHODS
Temperature Control System Overview: Two identical control systems were installed on two small-bore MRI sys- tems (2-T, 30-cm bore diameter, Signa, G.E. Medical Systems, Milwaukee, WI; 7.1-T, 15-cm bore diameter, Omega CSI, Bruker, Fremont, CA). Each of the closed-loop systems consists of an interchangeable thermistor probe (YSI 702A, Yellow Springs Instruments, Yellow Springs, OH) for rectal temperature and a lowpass audio filter for rf between the bore and shielded coaxial cable connected to the signal process module (S71-30, Coulbourn Instruments, Allentown, PA). The calibrated temperature signal is then sent to an A/D board (NB-MIO-16H, National Instruments Corp., Austin, TX) in a Macintosh computer (Apple Computer, Inc., Cupertino, CA) running LabVIEW 4.0 process-control software (National Instruments, Austin, TX). The computer generates an analog control signal, which in turn controls the air heater and blower (Model 400XLH, Fasco Industries, Inc., Fayetteville, NC) that circulates air through the magnet bore (see Fig. 1 ).
A. Device Design and Function
The air heating system consists of four units: 1) OMX-1301ˆ* 15-V dc power supply (Omega Engineering, Inc., Stamford, CT); 2) OM3-IVI isolated voltage-to-current converter (Omega Engineering, Inc., Stamford, CT); 3) SCR71Z-230 power controller (Omega Engineering, Inc., Stamford, CT); and 4) JTA2410-2 ac solid-state relay (Newark Electronics, Greensboro, NC). Fig. 2 is a schematic of the entire control system. The voltage-current converter receives an analog voltage (0-10-V dc) from the A/D board and is converted to a 4-20-mA signal to regulate the silicon-controlled rectifier (SCR) power controller, which in turn controls the ac power to the heater. This is a proportional controller; the time-on of the heater is proportional to the input current. Thus, when the input signal is 12 mA, the output heating is 50% of the time base; 60 Hz of the power supply provides the time reference. The analog signal (0-10 V) from the computer is also used to control the blower with a solid-state relay to provide power at the minimum voltage to activate the heater. The heater/blower control can also be operated manually. In the manual mode, the blower is turned on and, through a voltage-divider circuit, a 2-10-V dc signal is sent to the current converter in place of the computer signal. This signal is adjusted with a tenturn potentiometer to achieve proportionality of heater output. Warm air is blown into one end of the magnet bore through a 4-m-long, corrugated aluminum duct (diameter 7.5 cm) and exhausted by a motor connected to a duct on the other end. This exhaust motor improves air flow through the magnet bore. Because heat is retained in the heating unit housing and in the conducting duct work after the heater is turned off, it is necessary to also turn off the blower to avoid overheating the animal.
B. Mathematical Method
The temperature control functions are programmed in Lab-VIEW 4.0 and embedded in a LabVIEW physiologic monitor application. 1 Temperature data is acquired at 500 Hz and analog output voltage at 2 Hz. The process control scheme is shown schematically in Fig. 3 and involves comparisons of three temperatures: set point , low point , and measured One of three separate control actions occurs. First, when is below the , the heater is fully on until the reaches V). When is above , the value of affects the rate of heating in conjunction with the value of the exponential decay constant (see below). When the difference between and is small, heating is faster. However, the risk of temperature overshoot is greater with the small -difference. Second, when is greater than , the heater and blower are off V). Third, when the is above , but lower than , an exponential decay function is employed that proportionately controls heater output (1) and V). The rate of heating is determined by the value of and When is small , the heating is essentially linear to to 1 Application software is available from author (LWH) upon request. difference and the heating rate is highest. However, it produces a big overshot due to the system react delay. When is large and is close to , the voltage output decays quickly and progressively decreases as approaches
The effects of various combinations of a heating rate are shown in Fig. 4 . Animal and Imaging Study: Animals (rats 140-350 g, guinea pigs 250-550 g, ferrets 250-300 g, and mice 25-40 g) were anesthetized with methohexital sodium, intubated with an endotracheal tube, and maintained on a MR-compatible ventilator with isoflurane anesthesia [3] , [7] . More detailed description of animal preparation methods can be found in several publications [8] - [12] . Electrocardiogram (ECG) electrodes were taped to foot pads and the thermistor was inserted into the rectum. In some cases, the carotid artery was catheterized. Body temperature, ECG, and carotid arterial blood pressure were acquired and displayed on a Macintosh computer (see above). Imaging was performed on 2-T and 7-T systems described above using shielded gradients. Imaging was cardiac gated and synchronized to ventilation to minimize motion artifacts. A variety of imaging schemes were used, including diffusion-weighted fast spin-echo, spin-warp pulse sequences, projection sequences, etc. [13] - [17] . Study times ranged from 30 min to more than 6 h.
III. RESULTS
In studies such as these, an animal's temperature typically drops from a normal 37 C to 34-35 C due to anesthesia and setup procedures. Our purpose was to evaluate the automated control system for initially warming the body temperature to the set point and maintaining the stability of rectal temperature and heart rate for short 45 min) and extended 6 h) imaging studies. We compared these results to manually controlled temperatures of heated air through the magnet bore. With the manual control method, Fig. 5 shows the variations of rectal temperature and heart rate from a brain ischemia study in a rat (160 g) using birdcage coil (head/body). From the time the animal was placed in the magnet, there was a slow rising time 60 min) for the body temperature to reach the target point (37 C) and temperature drifted more than 0.5 C for the next 3 h (37.3 0.14 C). The heart rate varied between 340 beats/min to 400 beats/min (372 12 beats/min). With the automated control system (see Fig. 6 ), at given set point of 37 C, low point of 34 .5 C, and of 0.1-1, the animal was warmed from 35.5 C to 37.0 C within 15 min. There was an initial overshoot of less than 0.3 C due to the system response delay and this was followed by temperature oscillations of less than 0.2 C around the set point for over 6 h (37.0 0.08 C). The animal's heart rate changed directly with temperature and was maintained at an average of 355 5 beats/min. Using surgically implanted imaging coils (liver, neck) instead of a body coil cylinder, air flow around animal is improved and rat body temperature can be controlled within 0.01 C of set point [see Fig. 7(a) ]. There is also better air flow in the larger bore magnet (2 T) with bigger animals such as guinea pigs [ Fig. 7(b) ] using a set point 36 C, low point 34 C, and 0.01-0.1. Greater heat capacity of the larger animal contributes to better control. Fig. 7(c) and (d) show temperature and heart rate curves from a ferret and mouse study using the automated control system. In these studies, temperature variations were maintained within 0.3 C from the set point. The set point, low point, and can be changed at any time. The criteria for choosing these parameters depends upon how much set point overshoot and temperature variation is acceptable in the animal study.
The impact that temperature control has on image quality of a cardiac-gated study is illustrated in Fig. 8 . In Fig. 8(a) , body temperature was manually controlled ranging from 35.2 C-36 C with heart rate changing from 374-406 beats/min during the image acquisition. This resulted in significant variations in TR and poor image quality. In Fig. 8(b) from the same animal, temperature was automatically controlled (within 0.1 C of set point) and heart rate changed less than 5 beats/min during the imaging time, improving the image quality compared to Fig. 8(a) .
As illustrated in Fig. 9 , good temperature control does not necessarily assure physiologic stability, as many other factors are involved in determining the physiologic state, especially anesthesia levels, ventilation/gas exchange, and previous treatment conditions. In this study, both cardiac-gated images were acquired sequentially from the same animal with constant body temperature under automatic control. For reasons unknown, heart rate changed significantly during acquisition of Fig. 9(a) and was near constant during image acquisition B [ Fig. 9(b) ]. Note the deterioration of quality in Fig. 9(a) , acquired while TR was changing due to heart rate, compared to the better quality of image B that was acquired with relatively constant TR. Computer control of body temperature shows rectal temperature and heart rate curves from selected studies. All data were collected every minute. (a) Rat (190 g) using implanted coil on liver, and (b) Guinea pig (350 g). There were no fluctuations of temperature (< 60.1 C) and heart rate remained stable. (c) Ferret (300 g). Temperature changes less than 60.2 C and heart rate changes < 615 beats/min. (d) Mouse (30 g). Temperature changes less than 60.2 C. The various heart rate changes may be due to slight changes in other variables such as anesthesia which could effect heart rate in addition to temperature as seen here.
IV. DISCUSSION
This automated control system allowed us to more quickly warm the animal to a target temperature 15 min) while avoiding significant temperature overshoot with minimal subsequent deviations about the set point. Such control is especially important for extended studies. The fast heating rate is achieved by optimizing to provide the best output model (see below) to give rapid early heating and lower heating output as the temperature nears the set point temperature. Whereas, with a manual method requiring constant attention, warming must be done slowly; about 60 min are needed to warm the animal to the same set point. The rapid achievement of normal body temperature is crucial for studies involving the evolution of ischemic injury because these require several hours to accomplish. We found that the initial temperature overshoot and oscillation are affected by the amount of air flow through the bore. As shown in our results, animal size with respect to diameter of body coil is critical for performance of the control system. In ischemic studies with a head/body coil, the temperature of rats can vary as much as 0.5 C of set point due to air flow restriction. Optimal results can be reached by using animals sized with respect to bore diameter, that is, guinea pigs in a 2-T system magnet (bore diameter of 30 cm, gradient bore diameter of 15 cm) and mice in a 7-T system magnet (bore diameter of 15 cm, gradient bore diameter of 62 mm), or by using implanted coils in rats. Using implanted coils improves air flow and, thus, temperature control. In such studies, a stable heart rate can be achieved with essentially no temperature fluctuations. The overshoot and oscillation are also dependent on choices of set point, low point, and Based on the differences between body temperature and the set point during the heating process, different control models can be automatically selected through the LabVIEW program by varying
The adjustable alters the output models from linear at one stage, such as when temperature is near the low point, to exponential at a later stage, such as when temperature heart rate decreased 16% for reasons unrelated to temperature change. (b) was acquired with body temperature controlled at 60.1 C of set point, with heart rate change less than 610 beats/min and TR changed less than 635 ms during imaging. In (b), edges of imaging coil and artery were better resolved.
is near the set point. Thus, the closer the body temperature is to the set point, the lower the value will be and the lower the control signal voltage will be. Also, we use a small initial value of for larger-sized animals because of the higher heat capacity compared to a smaller animals' (e.g., 0.01-0.1 for 350-g guinea pig and 0.1-1 for 200-g rat). We also achieve better temperature control by controlling the blower.
Two MR-compatible temperature control systems, constructed of commercially available components, have been functioning on the 7-T and 2-T systems in our laboratory. Our in-vivo studies, which use a range of animal species, show that these systems are capable of operating successfully in an MR environment without generating electrical interference that would affect image quality. Controlling animal temperature at a target level under the influence of both natural temperature fluctuations and gradient heating provides a stable heart rate as well as a constant TR. It eases our concerns for animal temperature and maintenance, saves labor, achieves greater accuracy, and establishes a consistent time history of body temperature for extended studies. The greater physiologic stability has led, in turn, to significant improvements in data and image quality. Because the system is assembled entirely from commercially available components, it can be adapted to other experimental situations with only minor modifications.
Finally, although the stabilization of heart rate is directly related to body temperature, it also can be altered by other factors such as the type of anesthesia, depth of anesthesia, and use of various drugs, and thus affect image quality (see Fig. 9 ). This could have significant impact on quantitative MR microscopy measurements such as fibrous thickness over time as well as overall image quality. Our further goals for the automated system include controlling anesthesia and ventilation as well as CO levels.
